Populations of the littorine gastropod Bembicium vittatum in 47 isolated tidal ponds were used to test effects of isolation and habitat on genetic divergence. The mean G ST at 13 polymorphic allozyme loci between pond populations and their adjacent shore sites, separated by surface barriers of 1-100 m, was 0.122, which is equivalent to subdivision over distances of 4-5 km among shore sites. At distances up to 15 km, subdivision among pond populations (mean G ST = 0.181) was substantially greater than among shore sites (mean G ST = 0.115); beyond 45 km mean G ST was 0.342 among ponds, compared with 0.279 among shore sites. Genetic divergence of pond populations from their adjacent shore counterparts was less in those ponds with greater interchange with the ocean. Greater divergence was associated with decreased allozyme variation within the pond populations, which was also lower in smaller ponds with smaller populations. With one exception, allelic frequencies did not differ consistently between ponds and shores or in association with differences in habitat among the ponds. The exception was the consistently higher frequency of Lap1 112 in pond populations. A mark-recapture experiment failed to detect differential survival or growth of Lap1 genotypes, either within or among ponds and shore sites, leaving open the mechanisms of this apparently adaptive divergence. Overall, the results confirm a substantial increase in genetic divergence associated with the tidal ponds, and favour the interpretation that degree of isolation and population size, rather than localized selection, are the major determinants of the allozyme divergence.
Introduction
Isolated populations have long been considered to play a central role in evolutionary divergence (Mayr, 1963; Carson & Templeton, 1984) , although the importance of isolation has been questioned (Ehrlich & Raven, 1969) . Introduced species have provided opportunities to examine genetic changes associated with founding and subsequent isolation of populations, but more relevant from an evolutionary perspective are naturally occurring local founder populations and isolates (Eckert et al. 1996) . Island populations, for example, are well recognized for their special contribution to evolutionary divergence. In coastal marine species, embayments and estuaries (Burton & Feldman, 1982; Johnson et al., 1986; Ayvazian et al., 1994) , as well as islands Parsons, 1996) , have been shown to favour genetic divergence.
Studies of the intertidal snail Bembicium vittatum (Gastropoda: Littorinidae) have shown the importance of three types of barriers to gene flow in causing high levels of genetic subdivision in the Houtman Abrolhos Islands, Western Australia. First, because this species lacks a planktonic stage , much of its dispersal is by crawling, so that mixing is restricted beyond about 150 m, resulting in patterns of isolation by distance (Johnson & Black, 1995) . Secondly, water gaps of even 500 m between islands cause a doubling of the level of genetic subdivision, compared with similar distances along continuous shores (Johnson & Black, 1995) . Most dramatically, tidal ponds, separated from adjacent shores by surface barriers of 5-40 m, are also associated with almost a doubling of levels of genetic subdivision, compared with that among adjacent shore populations (Johnson & Black, 1991 , 1997 .
The tidal ponds, which are apparently sinkholes or dolines in the coral rubble that forms these islands, are unusual habitats that characterize the Houtman Abrolhos Islands . There are about 60 ponds, ranging from a few square metres to several hectares in area, and from those that are wet only for a few hours on the highest spring tides to those that have permanent water more than 2 m deep. The ponds have no surface connection with the adjacent ocean, and their subterranean connections vary, as evidenced by the widths of the surface barriers, rates of tidal exchange, and associated faunas . This diversity offers special opportunities for examining the causes of genetic subdivision. As emphasized by Barton & Charlesworth (1984) , one difficulty in assessing the importance of small, isolated populations is distinguishing between the genetic effects of population bottlenecks and isolation from the direct effects of natural selection. The large number of tidal ponds in the Abrolhos Islands provides an excellent opportunity to separate the influences of isolation and habitat.
In our initial study of allozyme variation in B. vittatum, we included eight pond populations, along with adjacent shore populations from throughout the Houtman Abrolhos (Johnson & Black, 1991) . Based on five polymorphic loci, the mean F ST was 0.277 among the pond populations, compared with 0.152 among their shore counterparts. There was a suggestion that the ponds that were more isolated had genetically more divergent populations, but the small number of sites and the crude indicators of connection left this possibility open. Subsequent study of patterns of genetic variation among shore populations in the Houtman Abrolhos has shown the importance of comprehensive geographical sampling, larger numbers of polymorphic loci, and careful characterization of the habitat (Johnson & Black, 1996) . In the present study, we extend our analysis to variation at 13 polymorphic allozyme loci in populations of B. vittatum from 47 tidal ponds for which we have information on the physical and biological characteristics. With this information, we have tested the importance of connections of the ponds and possible correlates of environmental characteristics in determining the genetic characteristics of these populations. Specifically, we ask: (i) how large is the divergence associated with ponds of varying characteristics? (ii) how significant is this variation compared with divergence among the shore populations? (iii) are divergence and/or isolation associated with decreased levels of genetic variation? and (iv) is the genetic divergence associated with the characteristics of the ponds?
Materials and methods

Samples
Samples of adult B. vittatum were collected between January 1992 and September 1993 from 47 ponds from throughout the Houtman Abrolhos Islands, spanning distances up to 60 km (Fig. 1) . Parallel samples were collected from adjacent lagoonal shores. Along continuous shores, the genetic neighbourhood spans about 150 m (Johnson & Black, 1995) . Because some ponds were within 50 m of each other, some shore sites were paired with more than one pond, rather than replicating shore samples from within a neighbourhood; in total, 28 shore sites were included, each paired with up to four ponds. Samples were generally 48 snails per site, with a range of 46-78.
For each pond, information was recorded to provide indices of isolation from the adjacent shore and of habitat characteristics. Distance to the adjacent shore (1-100 m), height of the surface barrier (10-300 cm above high water), and distance from the crest of the barrier to the adjacent shore (0-50 m) were measured. The size of a pond could reflect both the potential for connection to the ocean and the consequences of isolation in terms of population size, so surface area was estimated as the area of an oval, based on measured length and width of the pond, and varied from 16 to 43 982 m 2 . The tidal level of the base of each pond was surveyed (1.0-0.9 m, relative to low water datum in adjacent ocean), and maximum depth (0.1-2.2 m), depth at low tide (0-1.4 m, measured at a tide level of 0.4 m above low water in the adjacent ocean, during neap tides, in which the tidal range was less than 0.2 m), and tidal range (0.1-0.8 m, measured during spring tides of 0.8 m range in adjacent ocean) provided indicators of exchange and retention of water. Presence of fish in the ponds provided a biological indicator of connection.
The physical characteristics of the ponds were described by the base level, depth at 0.4 m tide, tidal range, log area, slope of the shore and slope of the substrate of B. vittatum (slopes coded as flat, gradual, steep, vertical, undercut) . The biological characteristics were described by presence or absence of an algal mat, floating algae, the succulent halophyte Sarcocornia sp. (none, scattered, abundant), mangroves (none, edge only, forming a canopy), fish (present or absent), and abundances of the gastropods B. vittatum, Austrocochlea constricta and Zeacumantus diemenensis (coded as 0, 1-10, 11-50, 51-100, and 100 per 10 linear metres of shore). Width and height of the shells of B. vittatum were also measured. Shell shape in this species has both genetic and plastic components (Parsons, 1997; authors, unpubl. data) . Because the shells of littorines, including B. vittatum (Johnson & Black, 1996 , 1997 Reid, 1996) , are highly responsive to environmental conditions, size and shape are useful indices of habitat, whether the variation is genetic or plastic. 
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Mean width of snails P8 mm was used as a measure of size in the adult population; in the few populations with no snails this large, the mean of the five largest was used. In species of Bembicium, there is a strong allometric increase of height with increasing width (Reid, 1988) . To obtain a measure of shape independent of size, we calculated the regression of logarithm of shell height against logarithm of width within each sample, and then took the mean expected height for a width of 8.5 mm as the measure of shape in that sample.
Analyses
Variation was examined at 13 allozyme loci, as described previously (Johnson & Black, 1996) . The enzymes were selected because a preliminary survey had shown them to be polymorphic. For each sample, allelic frequencies at each locus and mean observed heterozygosity, total number of alleles, and proportion of polymorphic loci were estimated. Because of the size of the data set (31 alleles in 75 populations), only summary analyses are presented here; the full set of data is available from the authors.
Divergence between populations was measured by pairwise G ST (Nei, 1973) , an appropriate measure of genetic distance when the focus is on gene flow and genetic subdivision (Slatkin, 1993) . Stepwise multiple regressions against the indices of isolation were used to test for associations of G ST and the measures of genetic variability with isolation of each pond population. The overall association of genetic divergence with the ponds was assessed by comparing average values of G ST among pond populations with those among the corresponding shore populations. The amount and pattern of subdivision were summarized by plotting mean pairwise G ST against geographical distance. Because the 1081 pairwise values based on 47 sites are not independent, we grouped the values within 1-km intervals, plotting mean values for these groups to give a simple summary of the underlying patterns. Only means based on at least three independent comparisons were included. As a more direct contrast of subdivision associated with ponds as compared with shores, the mean values of pairwise G ST among ponds (grouped in 1-km intervals) were plotted against the values for the corresponding paired shore populations. Because 11 of the shore sites were paired with more than one pond, some of the comparisons were between a shore sample and itself. For these, we assigned a value of 0.011 for G ST , as this was the mean value that we had found previously for samples within 50 m in continuous shore populations (Johnson & Black, 1995) .
To test whether genetic divergence was associated with the characteristics of different ponds, allelic frequencies were compared with habitat variables using stepwise multiple regression. A fundamental problem in determining the effects of the ponds is to remove the underlying patterns of geographical variation of the shore populations, as these will have influenced the history of the pond populations. A study of 81 shore sites showed that there are geographically coherent patterns of divergence between the three main island groups (Fig. 1) , among subgroups within these groups, and in the form of isolation by distance within subgroups (Johnson & Black, 1996) . To control for this geographical variation, we included the frequency of an allele in the adjacent shore sample as an independent variable in the regressions, which then showed whether the habitat variables explained the residual variation in allelic frequencies. For each allele, we excluded sites at which neither the pond nor the shore samples had the allele, so that the analyses were based only on sites with the potential for variation in allelic frequencies.
These contrasts between pond and shore populations and among pond populations were made for 31 alleles at 13 loci. The sequential Bonferroni procedure (Rice, 1989 ) was used to correct for possibly spurious significant tests. The Bonferroni procedure adjusts by dividing by the number of separate tests. Considering the 31 alleles to represent separate tests would give an excessive compensation, because alleles at a locus are not completely independent (for two alleles at a locus, they are identical). For that reason, we used the number of alleles minus the number of loci, or 18, as the correction factor.
Selection experiment
A mark-recapture and translocation experiment was conducted to test for possible selection at the Lap1 locus, which was found to be associated with the tidal ponds. In September 1995, a large sample of small snails was collected from pond 112, in the Easter Group (Fig. 1) , and sorted into 0.5 mm size classes by sieving; only those with sieve diameters of 2-5 mm were included in the experiment. Four groups of 848 snails each, and with identical sizefrequency distributions, were marked by spray-painting the entire dorsal surface with enamel paint (Taubman's Fiddly Bits). The marked snails were released in two ponds and at two shore sites (frequency of Lap1 112 in adults in brackets): pond 112 (0.44), the native site; shore 113 (0.11), which is adjacent to pond 112; pond 101 (0), on Pelsaert Island (Fig. 1) ; shore 85 (0), which is adjacent to ponds 94 and 95, also on Pelsaert Island. A control sample of 424 snails with the same size distribution was frozen for subsequent electrophoresis. Marked snails were harvested in February 1996.
Possible selective mortality was tested by comparisons of allelic frequencies in the surviving snails among release sites and between the survivors and the initial control sample. Contingency tests of variation in allelic frequencies were carried out by randomization, using CATSTAT (B. Engels, University of Wisconsin). Possible selection, acting through growth rates, was also tested. The paint marks showed the initial sizes of the recaptured snails, allowing measurement of the increase in shell width over the 5-month period. Because larger snails grew less, growth was regressed against initial width within each of the four experimental groups. At each site, the growth of each snail was adjusted to its expected growth at initial width of 4 mm, based on its residual from the regression line. These adjusted values were then compared among Lap1 genotypes.
Results
Genetic subdivision
Among all sites, mean G ST among ponds was 0.263, compared with 0.187 for the shore sites. The increase in subdivision associated with the ponds was greater at smaller geographical distances than at larger ones (Fig. 2, Table 1 ). Within island groups (distances 15 km in Fig. 2) , the mean G ST among ponds was 57 per cent greater than that among shore sites, whereas the difference was only 23 per cent for comparisons between the southern and northern island groups (45-60 km apart). Both sets of comparisons showed an overall increase of G ST with distance. The effect of the ponds superimposed on this underlying geographical pattern is seen clearly in the regression of mean G ST for the ponds against that for the shore sites, both grouped in 1-km intervals (Fig. 3) . The basic association with distance is reflected in the r 2 of 0.417 for the 36 1-km intervals represented by both pond and shore comparisons. However, at all but three of the 1-km intervals, G ST was greater for the ponds than the shore sites.
Comparisons between ponds and their adjacent shore sites, which are separated by 4-100 m, gave a mean G ST of 0.122, which would correspond with the values at distances of 4-5 km in comparisons among shore sites (Fig. 2) . However, there was a wide range, 0.006-0.363, in G ST between ponds and their adjacent shores. A stepwise multiple regression of these values against the set of isolation variables for the 47 ponds showed a significant negative association with the presence of fish (r 2 = 0.121, P0.05), but not with tidal characteristics or distance from shore. Because presence or absence of fish is a dichotomous trait, a more appropriate test of this association is to compare means of those ponds with or without fish. The mean (<SE) G ST of the 36 populations in ponds without fish was 0.139<0.016, more than twice as large as the value of 0.061<0.019 for the 11 ponds with fish, indicating that, on average, substantial connection (as evidenced by the presence of fish) decreases genetic subdivision.
The importance of isolation is also evident in comparisons of levels of genetic variation in the pond populations. Among the 47 ponds, greater genetic divergence from their shore counterparts, as measured by G ST , was associated with fewer alleles per locus (r = 0.390, P = 0.007) and lower proportions of polymorphic loci (r = 0.339, P = 0.020) in the ponds; heterozygosity was also negatively correlated with G ST , but not significantly (r = 0.253, P = 0.085). Stepwise multiple regressions of these measures of variability against the set of isolation variables, G ST and density of the population of B. vittatum revealed an additional set of associations. Both heterozygosity and the number of alleles were primarily associated with log area (r 2 = 0.099 and 0.205, respectively). In addition, heterozygosity was associated positively with population density (multiple r 2 = 0.189), whereas tidal range contributed positively and G ST negatively to the regression of total number of alleles, giving a multiple r 2 of 0.382. The proportion of polymorphic loci was associated primarily with population density (r 2 = 0.161), but also associated negatively with G ST and distance between the crest of the barrier to the shore (multiple r 2 = 0.333). Thus, reduced genetic variation within the ponds was associated broadly with isolation, smaller populations and greater genetic divergence.
Associations with habitat
To test for possible consistent genetic differences between pond populations and their shore counterparts, we determined the difference in frequency of each allele between each pond and its paired shore site. Using only those sites where either the pond or the shore (or both) had a particular allele, the mean difference was tested for departure from zero, using a t-test. Using the sequential Bonferroni procedure, only the Lap1 112 allele showed an overall consistent association with pond populations. Among 28 pairwise comparisons, the pond population had a higher frequency of Lap1 112 in 22 cases. Although increases were greatest in the Easter Group, the trend was consistent among the three groups of islands: two of three comparisons in the Wallabi Group, 12 of 15 in the Easter Group, and eight of 10 in the Pelsaert Group (Fig. 4) . The reversed directions in six cases were all small and nonsignificant. The mean (<SE) increase in the frequency of Lap1 112 from shore to pond was 0.094<0.023 (t 28 = 4.076, raw P = 0.0004). With this exception of the Lap1 locus, however, differences between pond and shore populations showed no consistent trends. Thus, although the pond populations differed from their shore counterparts, they did so in different ways.
The variation of allelic frequencies among pond populations reflected strongly the geographical variation among the shore populations. In the broad survey of shore populations (Johnson & Black, 1996) , seven loci (Apk1, Est4, Got1, Lap1, Lpp, Vlp1, Vlp2) were sufficiently polymorphic to allow legitimate contingency tests of variation among sites.
Comparisons of the frequencies of the most common allele between pond populations and their paired shore sites at each of these loci gave highly significant Pearson correlations of 0.400-0.727, highlighting the need to control for the influence of geographical variation among the shore populations in the tests of association of allelic frequencies with habitat. Those tests were made by stepwise multiple regression of allelic frequency against the habitat variables, in which the frequency in the paired shore populations was included with the habitat variables. Only those sites where an allele was present in either the pond or the shore population were included. Based on the raw probabilities, only four alleles showed significant associations with variables other than the allelic frequency in the paired shore site. However, none of these four was significant when the Bonferroni correction was applied. Thus, with the exception of the consistently higher frequency of the Lap1 112 allele in the ponds compared with shore sites, there was no evidence of allozymic divergence of pond populations in response to the variation in habitats. Even for Lap1 112 there was no association of allelic frequencies with habitat among the ponds.
Selection experiment
There were large differences in recapture rates, from 12 per cent at the two shore sites to 47 per cent at pond 101 (Table 2 ). To the extent that these reflected differences in survival rates, the experimental populations had different potentials for selective mortality among Lap1 genotypes. However, the apparently higher mortality at the shore sites was not associated with change in allelic frequencies. Among all four experimental populations, the frequency of Lap1 112 varied only from 0.30 to 0.33 (Table 2) . Contingency tests showed no differences among the four populations (P0.90). In addition, none of the experimental populations differed significantly from the control sample, in which Lap1 112 was at a frequency of 0.27, significantly lower than the value of 0.44 in the adults in the source population. Growth rates differed substantially among sites, in the opposite direction to recapture rates. Converted to average growth for snails of 4 mm initial width, the average increase in width was only 1.1 and 1.2 mm in ponds 101 and 112, respectively, compared with 4.3 and 5.9 mm at shore sites 113 and 85. Within each of these groups, however, no differences in growth rates were detected among Lap1 genotypes (Table 2) .
Discussion
The central result of this study is that the tidal ponds are associated with substantial local increases in genetic divergence of B. vittatum. This divergence is not only between pond populations and the adjacent shore populations, but also among the ponds. At distances up to 15 km, the mean pairwise G ST of 0.181 among ponds is 57 per cent greater than that among shore populations; even at distances of 45-60 km the increase is 23 per cent. This result confirms earlier evidence for isolation of the pond populations (Johnson & Black, 1991) . The larger number of sites and polymorphic loci in the present study allow us to examine the nature of that divergence.
The significantly lower G ST between adjacent shore sites and ponds that have fish fits with the expectation that populations in ponds with greater connection to the ocean are less isolated. However, that relationship is not a simple one. Even when presence or absence of fish was removed as a variable, the physical indicators of isolation were not significantly associated with levels of divergence between paired ponds and shores. Part of the difficulty is that the connections between ponds and the ocean are complex and heterogeneous; for example, in a detailed study of six ponds, it was found that the tidal range in one pond 40 m from the shore followed closely that of the ocean, indicating relatively free subterranean connection, whereas another pond only 8 m from the shore showed a highly dampened tidal range, indicating less connection . In addition, different types of connections may be important for B. vittatum in different ponds; for example, occasional storm surges over narrow, low barriers may transport snails to some ponds, whereas occasional movements through subterranean channels may be more important in others. Furthermore, we cannot distinguish among possible founder effects associated with colonization of a pond, subsequent bottlenecks, and the effectiveness of barriers preventing occasional gene flow. Indeed, the presence of fish in a pond, although requiring some degree of connection to the ocean, also requires sufficient volume and persistence of water, which could, in turn, reflect less likely bottlenecks for B. vittatum. Thus, we can conclude only that the association of lower levels of genetic divergence with this complex biological indicator indicates variation in the effects of isolation among pond populations.
Whatever the exact conditions favouring greater divergence are, which probably differ among ponds, the divergence of these isolated populations is associated with reduced genetic variability. In addition to the negative associations of number of alleles and proportion of polymorphic loci with G ST , the measures of variability were higher in larger ponds with denser populations of B. vittatum. Thus, it appears that larger, and probably more stable, populations are less affected by isolation. These relationships were not strong, however, emphasizing the need for large numbers of polymorphic loci and large numbers of sites with different characteristics in order to detect underlying patterns of divergence and genetic variability. The patterns were clearer for number of alleles and proportion of polymorphic loci than for average heterozygosity. This lower sensitivity of heterozygosity as a measure of variability is consistent both with theoretical expectations (Nei et al., 1975) and with comparisons among experimental isolated populations (Leberg, 1992) . The decrease in polymorphism in these isolated, genetically divergent populations of B. vittatum is similar to that found in well-documented sequences of colonizing populations (Johnson, 1988; Stone & Sunnuchs, 1993) , and favours the view that the allozyme divergence has been determined more by random drift than by adaptations to particular habitats.
Our search for genetic associations with the extensive habitat variation among the ponds supports this interpretation. With the exception of the generally higher frequencies of Lap1 112 in the tidal ponds than in the shore populations, we found no evidence of allozymes varying in response to habitat. Although selection by some subtle, unmeasured agent cannot be excluded, the apparent independence of the allozyme divergence from environmental conditions is consistent with comparisons among 81 shore populations of B. vittatum, which showed that probable patterns of gene flow, rather than habitat, determined the major patterns of allozyme variation in the Abrolhos Islands (Johnson & Black, 1996) . Thus, it appears that, at least in cases of extreme subdivision of populations, chance, associated with degree of isolation and population bottlenecks, is the important determinant of allozyme frequencies, so that patterns of allozyme divergence reflect history and population structure, rather than localized effects of selection.
The association of Lap1 112 with tidal ponds is a striking exception. This allele is rare in shore populations, but is found in most of the tidal ponds. This association was first suggested for ponds in the Easter Group, where the frequency of Lap1 112 is highest (Johnson & Black, 1991) . The present results confirm its generality; not only does this otherwise rare allele occur at moderate frequencies in most ponds in the Easter Group, but it occurs at low frequencies in ponds in the Wallabi and Pelsaert Groups, where it is extremely rare in the shore populations (Fig. 4) . Similarly exceptional associations of allelic frequencies with habitat have been found in two other littorines, Littorina saxatilis and L. mariae, in which most allozyme loci vary independently of habitat, but one locus shows strong, consistent associations with habitat (Johannesson & Johannesson, 1989; Tatarenkov & Johannesson, 1994) . In each case, the repeatability of the associations in different places is difficult to explain other than in terms of habitat-related selection. In each case, however, the nature of that selection remains obscure.
The mark-recapture and translocation experiment with B. vittatum failed to give any evidence of differential mortality or growth rates of Lap1 genotypes, either within or between pond and shore sites. However, temporal variation was shown by the lower frequency of Lap1 112 in young snails in 1995 than in adults in 1993 (0.27 compared with 0.44). This suggests that selection may operate sporadically, under special conditions. The fact that ponds of very different characteristics share the higher frequencies of Lap1 112 further suggests that the selective agent must be something that is likely to affect all ponds in contrast with adjacent shores. One possibility is occasional decreases in salinity associated with heavy storms; for example, decreases in salinity of 3-7 per cent were found in six ponds of differing characteristics following one heavy storm . Furthermore, Lap is associated with osmoregulation in molluscs, and the Lap polymorphism in Mytilus edulis has been shown to vary in response to salinity (Hilbish & Koehn, 1985) . Although speculative, this possibility may prove to be a useful avenue for testing the mechanisms underlying the unusual association of Lap1 112 in B. vittatum with the tidal ponds. Regardless of the mechanisms, this apparent example of selection highlights the potential evolutionary importance of these isolated populations.
